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1 . 0  INTRODUCTION 

Thu  report  sunvnarizes  the  results  of  the  Injection  Laser/wavequide  Coupler 
Program  (Contract  NCOl 73-73-C-0087) .  The  program  goal  was  the  development  and 
fabrication  of  an  efficient,  ruqged,  sinqle  mode  laser  to  thin  film  optical  wave¬ 
guide  coupler  tnat  operated  over  a  30”C  temperature  ranoe  and  was  stable  against 
vibration  and  handling  for  extended  periods.  The  design  qoals  included  1  mW 
optical  power  coupled  into  the  waveguide,  which  was  Ti  indiffused  LINbO^,  and  a 
spot  size  at  the  input  to  the  waveguide  not  to  exceed  10  -.m  at  the  (1/e)  points. 

The  beam  profile  was  to  be  as  nearly  Gaussian  as  possible,  and  scattering  into 
the  waveguide  was  to  be  at  least  20  dB  below  the  primary  beam. 

The  program,  which  was  scheduled  to  be  a  one-year  effort,  consisted  o *  t 
following  tasks:  (1)  wavequide  couplinq  analysis,  (2)  laser  and  waveguide 
development,  (3)  waveguide  edge  polishing  development,  (4)  waveguide  tn  User 
decouplin’  aevelopment,  (5)  alignment  fixture  development,  (6)  laser/wavequide 
coupler  fabrication,  and  (7)  laser/waveguide  coupler  evaluation.  The  program 
called  for  *.ne  delivery  of  two  1  aser/wavegui de  coupler  units,  the  first  of  which 
was  to  be  discussed  at  the  end  of  eiqht  months  and  the  second  improved  device 
at  the  conclusion  of  the  program.  This  Final  Report  is  being  submitted  as  a 
deliverable  ite-  as  required  by  the  contract  Statement  of  Work. 

TN»  stily  leader  at  MDAC-S'L  h<»s  been  Dr.  Robert  R.  Pice.  Advanced  Space 
Electm'-ics  .cpartment  (£413),  and  the  activities  under  the  subcontract  to 
"as  ninct  niversity  have  been  directed  by  Dr.  William  S.  C.  Chang,  Laboratory 
for  ipr,i‘?d  Electronic  Sciences.  Other  personnel  at  MOAC-STL  who  have  contribu¬ 
ted  significantly  to  the  program  include  Mr.  Joseph  D.  Zino,  waveguide  measurements; 
Dr.  '••otis  G.  Hall,  waveguide  measurements  and  couplinq  analysis;  Dr.  Louis  3.  Mien, 
laser  dioce  development;  Dr.  David  A.  Bryan,  edge  polishing  and  alignment  fixture 
development;  and  Mr.  Philip  D.  Bear,  coupler  chip  assembly.  Substantial  contribu¬ 
tions  were  ilso  made  by  Gordon  M.  Burkhart,  Herbert  G.  Koenig,  and  John  A.  Powers. 

Both  approximate  and  exact  theoretical  analyses  of  the  coupling  process  con¬ 
clude  that  couoling  efficiencies  of  approximately  50s  can  be  exoected  under  typical 
optimized  conditions  using  a  direct  end-fire  (butt)  coupling  approach.  Subsequent 
to  the  development  of  an  edre-pol 1  shine  and  an  anti-reflection  edge-coating  nro- 
cedure  for  the  Tl:L1NbDj  waveguides,  and  after  assembly  of  an  apparatus  capable  of 
precise  alignment  of  a  laser  diode  and  a  waveguide.  It  was  shown  that  a  50t  couoling 
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efficiency  could  actually  be  achieved.  The  sensitivity  of  the  1 aser/wavequi de 
coupling  efficiency  to  both  transverse  and  longitudinal  misalignment  was  measured 
using  an  apparatus  with  submicron  resolution.  The  measurements  snowed  that  the 
longitudinal  separation  between  the  laser  diode  and  the  waveguide  could  be  in¬ 
creased  to  about  15  microns  with  only  a  50?  (3  dB )  reduction  in  coupled  power. 

The  transverse  misalignment  sensitivity,  on  the  other  hand,  was  quite  severe 
in  that  a  misalignment  of  less  than  one  micron  resulted  in  a  50?  reduction  in 
coupled  power.  Because  of  this  stringent  transverse  alignment  constraint,  the 
hybrid  coupler  chips  (a  flip-chip  configuration  with  both  a  LiNbOg  waveguide 
ang  a  GaAlAs  laser  diode  bonded  to  a  silicon  substrate)  did  not  achieve  the 
theoretical  limit  of  50?  couplinq  efficiency.  The  two  coupler  chips  delivered 
to  NRL  had  coupling  efficiencies  in  the  5?  -  10?  range. 

2 . 0  TECHNICAL  DISCUSSION 

2.1  The  Injection  Laser  Radiation  Field 

In  order  to  calculate  the  coupling  efficiency  between  a  double  heterostructure 

laser  diode  and  a  Ti -indi ffused  LiNbOg  waveguide,  a  model  for  the  radiation  field 

of  the  laser  diode  must  be  developed.  The  electric  field  patterns  of  semiconductor 

lasers  have  been  reported  in  the  literature  as  closely  approximating  an  elliptical 

1  ’ 

•'er-Mte-Gausslan  bean  profile  '  . 

From  the  physical  data  of  the  heterostructure  used  in  the  MOAC-STL  laser  for 
the  couollhq  experiments.  GaQ  gAT Q  2As  -  SaAs  -  Ga0  gSl0  ?As  with  an  active  region 
thickness  of  2d  •  0.2  am  and  a  width  of  10-12  am,  the  radiation  field  inside  the 
laser  diode  was  also  modeled  as  that  of  a  symmetric  waveouide.  Using  a  single  mode 
laser  with  a  center  wavelength,  v  •  0.8350  jm,  n(GaQ  gAl0  ?As)  ■  3.495  and  n(GaAs)  » 
3.635,  the  electric  field  of  the  T£  guided  modes  of  this  laser  was  found  to  be:^ 


Iv  (x.  *)  •  A  coa  (hd)  ex?  (-?(  x  )  -  d)]  «xp [  -J£  z] 

•  3 

for  x  >  d 


(2.1) 


E„  (x.  z)  •  A  coa  Out)  ex?  [-jS.*] 

for  x  <  d 


(2.2) 


2 


WTM7*  i  ■  0.1  UB 

p  •  6.71302  -a”1 
h  -  7.33273  us'1 

;  -26.3373  ub"1 

a 


A  laser  diode  typically  has  an  active  r«qion  that  has  a  very  large  width  and 
a  very  s'nal 1  height.  Thus  Its  radiation  field  can  best  be  approximated  by  a  two- 
dimensional  gausslan  beam  (l.e.,  an  elliptical  gaussian  beam  with  a  very  wide 
bean  width  In  the  y  direction).  For  a  two-dimensional  gausslan  beam  (— ~  •  0)  with 
its  beam  waist  at  2  ■  0,  its  E-fleld  is: 


{ x ,9)  •  A  exp  (-xVwg'’) 


!n  order  to  approximate  a  guided  wave  mode,  the  half-beam  width,  w^,  was  adjusted 
so  that  the  magnitude  of  the  electric  field  will  be  A/e  at  the  same  value  of  x  as 
the  T Eg  mode  given  In  Equations  2.1  and  2.2.  Thus, 


For  the  mode  given  In  Equation  2.1,  a  value  of  wQ  •  0.20396  um  was  obtained. 
Figure  1  shows  a  plot  of  both  the  gausslan  beam  the  the  TEg  mode  at  z  •  0.  It 
is  dear  that  the  transverse  pattern  of  the  TEQ  waveguide  mode  of  the  laser  can 
be  closely  approximated  by  a  gausslan  field  variation  at  z  •  0. 
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Based  upon  the  „'-ecedino  discussion,  the  following  expression  was  used  to 
describe  the  electric  field  of  the  laser  diode  in  all  of  tne  analysis: 


nr  wo  (-  *  l> 

Lac  *  A  \'  : 


\  2:  *  Jkv_* 


exp  (-J  kc )  exp 


. KZ  X 


4S*  -  (k v0*V 


exp 


-(kwo  x)< 


i  i  i 

ir*  *  (kv  *)* 

L  U  -  * 


(2.5) 


Clearly,  there  are  also  other  methods  that  may  be  used  to  fit  a  gaussian 
beam  to  the  radiation  field  of  an  injection  laser.  For  example,  one  may  choose 
to  fit  the  gaussian  bear  to  the  far  field  radiation  pattern  of  the  laser.  In 
that  case,  a  different  w-,  value  will  be  obtained. 

2.2  Mode  PepfCe  of  a  *i  - ,*ndi  f 'used  liNbO^  Waveguide 

Computation  of  the  overlap  integral  between  the  laser  diode  radiation  field 
and  the  UNbO-j  waveguide  guided  wave  mode  requires  the  determination  of  the  mode 
profile  (i.e..  the  transverse  *  variation  of  the  TE*  mode)  of  an  indiffused  wave- 
quide  as  a  'unction  of  the  waveguide  parameters.  In  the  following  subsections, 
(a)  tne  relationship  between  the  mode  profile  and  the  diffusion  profile;  (b) 
tie  diffusion  profile  that  may  be  obtained  experimentally;  and  (c)  the  electric 
*<eld  of  the  T£.j  mode,  will  be  discussed. 

Optical  waveguides  have  a  refractive  index  which  is  a  smoothly  varying  func¬ 
tion  of  depth  hicher  near  the  surface  than  in  the  bulk  material.  Theoretical 
analyses  of  the  TOdes  of  UNbOj  waveouides  have  been  performed  for  refractive 

index  variations  in  the  form  of  a  complementary  error  function,  a  qaussian  func- 

4-7 

tion,  or  an  exponential  function 
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Of  the  three  profiles  listed  above,  only  the  T£  mooes  of  the  exponential 
profile  can  be  obtained  analytically  in  a  closed  *o r~  .  For  the  convenience 
of  numerical  calculation,  the  diffusion  profile  of  the  Ti  atoms,  i.e.,  the 
assumed  profile  of  refractive  index,  na<,  been  approximated  by  an  exponential 
variation.  Later  it  will  also  be  shown  that  such  an  approxirvat ion  does  not 
lead  to  a  large  error  in  tne  calculation  of  couplinq  efficiency  for  a  specific 
example. 

For  a  given  diffusion  profile  the  mode  profile  is  determined  whenever  the 
propagation  wave  nurber  *  of  the  mode  is  known.  In  a  Ti -i ndi f fused  waveguide 
the  relationship  between  tne  normalised  diffusion  depth,  V,  normalised  mode 
mode  index,  b,  for  various  diffusion  profiles  has  already  been  given  by  Mocker 
and  Burns'*.  Assjminq  an  exponential  diffusion  profile  ( f ( *  •  e  '  and  requiring 

a  sinqle  mode  waveguide  (m  •  0),  one  obtains: 


-lavb) 


f 


(• 


-  b)1  dx  •  3-/; 


C.6) 


smart  V  •  ncraaiixad  diffusion  depth 

"  k£  [ (n^  *  la)*  -  a^*]" 


C.T) 


b  •  ncrsalixtd  aod«  index 

•  (\a  •  V);‘,ab  *  -*■'*  ■  V: 


(2.8) 


Mere,  n  is  the  refractive  index  of  the  substrate  (n.  *  2.18  at  i  *  0.8350  ..m) 
b  d 

\n  ♦  n  is  the  refractive  index  at  the  waveguide  top  surface  and  *  is  the  diffusion 
b 

depth.  n  is  the  effective  index  of  the  mode  (i.e.,  normalised  propagation  con¬ 
stant  ?  /  k  ) . 
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The  only  appro* tmat ions  that  have  been  nade  in  obtaining  Equation  2.6  are 


Substituting  y  •  e  into  Equation  2.6,  one  obtains 


-1 


I  "I 

I 


or 


j  *  -  —  _•  _ L ' 

j  -  .1  -  t>  -  .  s  tan  *  »C.b)  -  1  ^  *  •  C  .  (2.10) 


ror  a  given  v.  Eduation  2.10  can  be  solved  for  b  usinq  Newton's  method. 

This  n^-erical  solution  yields  values  of  b,  (i.e.,  values  of  n^ff)  as  a  func¬ 
tion  of  i  (i.e..  ;.n  and  <  that  are  controlled  by  the  e*perimental  process). 
Although  sMut‘ons  of  b  have  already  been  presented  graphically  in  Reference 
A.  the  above  procedures  detemines  to  the  high  degree  of  accuracy  necessary 

for  subsequent  numerical  calculations. 


cor  a  given  b  (i.e.,  nef«K  one  can  define  a  mode  denth  Xq  where  is  the 
absolute  value  of  ij  (I.e.,  x^’)  at  which  n(*j)  • 


(2.: 


’he  Tide  deptn  defined  in  this  manner  nas  the  physical  meaning  of  beinn  the 
starting  point  of  the  evanescent  tali  of  the  electric  field.  !n  a  strongly 
guided  mode,  one  may  assume  that  most  of  the  optical  power  is  confined  in  the 
region  rmjm  «  •  0  to  *  •  *g.  In  a  weakly  guided  mode  t'ie  power  interpretation 
of  the  mode  depth  is  not  correct.  Figures  2  and  3  show  the  calculated  node 
depth  x^  given  in  Equation  2.11  as  a  function  of  diffusion  depth,  *,  for  various 
*.n  values  at  •  *  0.6328  „n  and  v  •  0.8350  ,r\.  Observe  that  *q  (or  n^^),  useful 
for  r.f.  spectrum  analysis  appl icat ions ,  is  limited  by  the  requirements  for  both 
single-mode  operation  (shown  as  a  dashed  line)  and  ease  in  experimental  fabrica¬ 
tion  process  (shown  as  the  line  with  dot-dashes).  In  the  region  above  the  line 
for  easy  experimental  control  of  x^,  small  variations  in  *  or  :.n  will  yield  very 
large  variations  in  x^  imelyinq  that  in  the  latter  region  it  would  be  difficult 

teq  mode  depth  vs  diffusion  depth 
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FIGURE  3 

to  control  me  mode  deem  e*per ‘mental ly .  A$  (t  will  be  discussed  In  a  later 
section,  me  COvioilnq  efficiency  w<  1 1  be  very  small  unless  the  mode  depth.  *g, 
of  the  fabricated  waveguide  can  be  term  small.  Therefore,  it  is  apparent 
that  tne  onl  v  useful  region  is  mat  between  me  dashed  lino  an:  line  with 
dot*dashes.  Numerical  calculations  of  coupling  efficiency  will  be  limited  to 
this  ^eiion. 


*he  7i -1 ndi f fused  LlNbO^  waveguides  were  fabricated  according  to  the  following 
procedure.  The  waveguide  substrates  were  Y-face  cut  LINbQ,,  polished  to  i/10  on  the 

0  w 

top  surface.  A  Tl  film  -  A  thick  was  deposited  on  the  too  surface  In  an  Ar  atmos¬ 
phere  using  a  r.f.  sputtering  apparatus.  7he  sar-cle  was  placed  Tl  covered  side 
'ace  down  on  platinum  foi  1  lining  the  bottom  of  an  A1,0,  boat,  placed  In  an  A1  _,0_ 
furnace  tube  and  flushed  with  Ar  gas  at  30  cc/mln  for  two  hours.  The  flow  rate 
was  changed  to  6.25  cc/mln  and  the  furnace  temperature  was  raised  to  1000°C  In 
thirty  minutes.  At  twelve  minutes  before  the  end  of  the  diffusion  run,  the 
diffusion  atmosphere  was  changed  to  0^  at  a  flow  rate  of  6.28  cc/mln.  At  time 

9 


t,  the  end  of  the  diffusion  run,  the  furnace  was  shut  off  and  allowed  to  cool 
slowly  (overnight)  to  room  temperature  in  the  0.,  atmosphere  at  6.25  cc/nin. 
For  such  a  diffusion  process,  diffusion  theory  predtcts  that 


0  •  diffusion  constant  ■  0^  «xp  (-Tg  ?)  , 

6-2  •  5t  . 


(2.12) 

(2.13) 


for  this  process,  0  is  the  diffusion  coefficient  along  the  y  direction  (D^) 
in  the  LiNbOj  crystal  (y  is  perpendicular  to  the  top  surface  in  this  geometry). 
Optical  mode  measurements  a’  0-6328  „m  nave  been  used  to  determine  the  y  com¬ 
ponent,  0^ .  of  the  anisotropic  diffusion  coefficient  for  this  process  of  fabrica¬ 
ting  TiiLiSbO.  waveguides.  Specifical 1y,  experimentally  obtained  effective  mode 

indices,  n  tt,  have  been  fit  to  published  normalised  mode  dispersion  curves  under 

e  -13  2 

the  assumption  of  a  gaussian  index  profile,  with  the  result  0  •  5.0  x  10  cm 

-1  -v 
s  at  1QC0*C.  Similar  measurements  on  waveguides  fabricated  at  1025°C  Indicate. 

-4  £  -1  4 

using  Equation  2.12,  that  0  •  6.8  x  10  cm  s  and  T_  •  2.7  x  10  eK.  Comparable 

S  ^  _  i  -  ->  i  U 

data  of  Saitoh  tz  aj^  yield  0  •  1.6  x  10  cm4  s  '  at  1000®C.  From  direct  pro- 

y  9  - 

bing  of  waveguides  of  known  diffusion  parameters.  Fukjrva  e_t  al  found  •  4.6  x  10 
cm2  s'1  at  T  •  10O0°C  and  Burns  et  al10  found  0  •  4.6  x  10*17  cm2  s'1  at  T  •  1000°C 

y  .]  ?  -l 

ror  the  following  calculations,  a  value  of  0^  •  4.7  x  10  cm  s  ,  which  is  the 
average  of  'it  and  the  latter  two  values  from  the  probing  experiments,  has  been 
assumed. 

The  Ti  concentration  in  LiSbO^  usinq  the  exponential  profile  approximation 
is  given  by 

C(*,.  z)  •  exp  (*,/i)  for  *: <  0  (2.14) 

where  i  is  the  number  of  atoms  per  unit  volume  in  the  sputter  deposited  film 
(-,  *5.71  i  1022  cm’3),  t  is  the  thickness  of  Ti  deposited  on  the  top  surface 


(units:  9A).  and  C  is  normalized  Such  that  Cfxj.  t)^dx1  9  »'•  The  Quantity 
*n  is  related6 to  C  by  in  •  C ( 0)  ^  where  -  1.6  *  10  23  cm3.  Thus. 

3T  dn 

-a  *  T  dc 

-  --  9.6020  X  10-  (2.15) 

fT 

0 

where  •  is  in  units  of  A  and  t  is  in  units  of  minutes.  Equations  2.12,  2.13, 
and  2.14  relate  the  parameters  :.n  and  i  to  the  experimental  parameters  :  ,  t  and 
T  that  are  used  in  the  actual  fabrication  process. 

For  a  given  Ti  layer  thickness,  r,  if  the  diffusion  time  t  is  less  than  a 
mini'n**  value,  t^^,  there  will  be  a  layer  of  TIOj  residue  left  on  the  surface 
after  diffusion.  It  is  well  known  that  such  a  T 1 0_,  residue  will  increase  the 
scattering  loss  and  the  surface  roughness.  There  is  no  generally  accepted 
criterion  regarding  the  maximum  thickness  of  a  T10,  layer  that  can  remain  on 
the  waveguide  surface  without  introducing  significant  attenuation.  The 
following  qualitative  visual  inspection  criterion  for  "no  110^  residue"  was 
devised:  Let  there  be  a  step  discontinuity  of  the  deposited  Ti  film  pattern 
in  the  form  of  a  straight  edge.  After  diffusion,  the  sample  is  placed  under 
an  optical  microscope  focused  on  the  top  surface,  at  700X  magnification,  using 
neither  filter  nor  polan;er.  in  the  transmission  mode.  The  boundary  line 
separating  the  Ti  and  **0 - T 1  region  should  be  clearly  visible,  and  the  sample 
is  translated  slowly  under  the  microscope  in  a  direction  parallel  to  the 
boundary  line.  9y  comparing  the  two  regions  and  by  correlating  the  observa¬ 
tion  with  the  linear  motion,  one  can  now  recognize  any  surface  defects  such 
as  T 1 0-,  residue  patterns  that  may  occur  in  one  region  and  not  in  the  other 
region.  If  both  regions  appear  to  be  identical,  the  sample  is  classified  as 
having  no  *10^  residue.  If  there  are  TiO^  residue  patterns  in  one  region, 
the  sample  is  then  scanned  in  a  direction  perpendicular  to  the  boundary  line 
to  assess  the  total  extent  o*  TiOj  residue. 

Using  the  preceding  criteria,  the  TIO^  residue  on  LiNbOj  waveguide  surfaces 
was  examined  after  different  diffusion  times  for  several  Ti  thicknesses.  The 
result  of  this  experimental  investigation  is  shown  in  Figure  *.  From  this 


Titaniun  thickness,  t  (  A)  FIGURE  4 

«  » 

Mqur*  it  was  clear  that  For  150  A  ^  -  <_  250  A,  tm1n  could  be  defined  rnolrlcally 

ay 


e» 


29.22  exp  [0.0088  ?]  . 


(2.16) 


Equation  2.16  (i.e.,  the  no-re$idue  limit)  is  represented  by  the  solid  curve 
with  circles  in  Figure  3.  The  calculated  mode  effective  index,  n^^,  of  the 
mode  is  plotted  as  a  function  of  diffusion  tine  t  for  various  Ti  layer  thicknesses 
in  Figures  5  and  6.  Figures  7  and  3  are  Figures  2  and  3  replotted  with  mode  deoth, 
Xj.  as  a  function  of  diffusion  time,  t,  for  various  thicknesses,  *,  of  the  deposited 
Ti  layer.  The  non-residue  limit  and  the  lines  for  easy  experimental  control  and 
for  single  mode  operation  are  indicated  once  more  in  these  Figures.  Clearly,  one 
is  only  interested  in  waveguides  that  fall  within  these  limits. 

For  a  LiSbO^  waveguide  with  an  exponential ly  varying  Ti  atom  concentration ^ , 
one  finds: 


)  *  °b  *  -n  «*P  (*)/«)  (2.17) 

where  nfe  is  the  refractive  index  of  the  substrate  (n&  •  2. 18  at  *  •  0.9350  „m). 
n  *  is  the  refractive  index  on  the  waveguide  top  surface,  and  1  is  the 
diffusion  depth. 


Using  Conwell's  result,  the  electric  field  of  tie  T£Q  mode  of  the  LiNbO^ 
waveguide  is  given  by 


x. 


•  A.  2  €X?  <TT>]  «X? 

*  *  -b  *  — 

for  x,  <  0  la  LiXbO. 


(2.18) 


x, 


K,  2  (£)  exp  [~  rr]  «xp  (-3=*) 

*  «  *  •  ** 

3 

for  x.  >  0  In  air 


(2.19) 


where 


•  function  of  :ha  order 


-b 

“b 


2ki  l°eff  ‘  ^b 


2k‘  [2a^  ii 


a 

A. 


a.ff 


“»  *  *kf  *  i] 


ill 


•fl 

■  conetant 

•  tff«c:iv«  index  of  the  soda  •  8/k 


(2.2C) 
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Mode  effective  index 


TE0  MODE  EFFECTIVE  INDEX  VS  INDIFUSSION  TIME 


%4 

V 

c 


Indiffusion  time,  t  (minutes) 


FIGURE  5 
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Mode  effective  index 


TE  MODE  EFFECTIVE  INDEX  VS  INDIFFUSION  TIME 
0 


Indiffusion  time,  t  (minutes) 


FIGURE  6 
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Mod*  depth,  x  (morons) 


teq  mode  depth  vs  indiffusion  time 

/ 

Un«cr«f»(  -»M*  y 


/  t  >100  ”» 


TT»  77i  HI  «•*  5S  »K 

Indiffusion  time,  t  (minutes) 


Tii  *M 

FIGURE  8 
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2 . 3  The  Coupling  Geometry 

The  first  part  of  the  calculation  assunes;  (a)  that  the  directions  of  guided 
wave  propagation  in  the  GaAs  laser  diode  and  the  LiNbO.  waveguide  are  parallel 
(i.e.,  perfect  anaular  alignment  with  z  2j  and  ( b )  that  the  end  surface  of  LiNbO^ 
waveguide  is  antireflection  coated  to  eliminate  reflections.  The  geometrical  con¬ 
figuration  for  this  part  of  the  calculation  is  illustrated  in  Figure  9.  Here  z q 
is  the  longitudinal  separation  and  ;  is  the  transverse  displacement  of  the  top 
surface  of  tie  UNbO^  waveguide  with  respect  to  the  center  of  the  laser  diode 
GaAs  active  layer. 

THE  GEOMETRICAL  CONFIGURATION  OF  THE  INJECTION 
LASER-LiNb03  WAVEGUIDE  COUPLING  PROBLEM 

Sid*  View 


In  the  second  part  of  the  calculation  the  angular  alignment,  becomes  a 
variable.  The  geometry  for  this  part  of  the  calculation  is  shown  in  Figure  10. 
The  anqle.  a.  between  directions  of  the  propagation  of  the  guided  wave  mode  in 
the  GaAs  laser  diode  (also  the  propagation  direction  of  the  oaussian  bean), 
z.  and  the  direction  of  propagation  of  the  TEg  mode  in  the  UNbO^  wavequide,  2, 
is  de'ined  to  be  positive  when  it  is  measured  from  the  2'  axis  in  the  counter¬ 
clockwise  direction.  I  is  parallel  to  2'  when  «  «  0.  The  displacement,  for 
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ANGULAR  ALIGNMENT  GEOMETRY 


Ti:LiNbO.  Waveguide 


Waveguide 

Ed<»«  FIGURE  10 


*.Ms  part  of  the  calculation.  Is  the  transverse  displacement  of  the  top  surface 
o'  the  Ll’IbOj  waveguide  with  respect  to  the  axis.  Constant  Zg  values  were 
chosen  ♦or  this  part  of  he  calculation. 

ro  obtain  the  incident  field  on  the  LlNbOg  waveguide  from  the  Incident  beam 
given  by  Eouatlon  2.5.  a  transformation  from  x.y.z  to  x'.  y',  z'  coordinates  will 
be  -ade.  The  ar^ropriate  transformation  Is: 

x  •  «'  cos  t  -  zQ  sin  •  (2.21 ) 

z  •  x'  sin  «  *  Zg  cos  ®  (2.22) 

where  x'  is  the  axis  parallel  to  the  LlNbO^  waveguide  edge  and  Zg  Is  the  axial 

displacement. 


Substituting  Equations  2.21  and  2.22  into  Equation  2.5,  one  obtains  tne 
following  incident  field  on  the  LiNbO^  waveguide  end  surface  it  2'  *  2^: 


inc 


tx,  ,  S) 


A  •  £ 


(‘  -  1)  «XT  [-Jk  (x.  sin  «  *  Xq  C3 


*  e  ' 


•  .  (X 


r::k  u:  »m 


,  IU  t  •  cos  d)  *  Jkv. 


*  cos  d)  (x,  cos  $  -  sir.  «)* 


(x,  sin  d  *  zn  cos  ♦  (few.  )* 

U  U 


{  kv  (x.  ccs  9  -  sia  e): 

*  *  ‘ 

4  (x.  sia  cos  8;  *  (kv^*)‘ 


J 

(2.23) 


2 . q  Tech nigue  *or  Numerical  i v aluat i on_ of  t h e  Coupl  mg  Efficiency 

At  the  end  surface  of  the  UMbO,  waveguide  one  can  clearly  express  « 1nc 
as  a  superposition  of  all  the  discrete  and  continuous  nodes  of  the  UNbO,  wave¬ 
guide  plus  the  reflected  radiation  fields.  For  any  end  surface  that  has  an 
elective  anti  reflection  coating,  the  reflected  radiation  fields  were  found  to 
3e  ’'egllnible  and.  from  the  orthogonality  properties  of  tne  nodes,  the  coupling 
efficiency  is  o’ven  py 


I~  »to.  »i* d* 


•  coupling  efficiency  •  - — 


/***  **  *  **  r *'* 

inc  inc  Jm  *  x 


dx 


C2.24) 


In  this  formation,  the  coupling  efficiency  is  independent  of  the  normaliza¬ 
tion  constants  A  and  A‘  in  Equations  2.5,  2.18,  2.19  and  2.20.  For  the  first  part 
of  the  calculation  and  x  are  related  to  each  other  by 

Xj  •  x  -  A.  (2.25) 
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for  the  second  part  of  the  calculation  ("  t  0)  ^  and  *'  are  related  to  eacn 
otner  by 

x,  •  »*  -  i  (2.26) 

where  is  the  displacement  of  tne  top  Surface  of  the  LiNbO-  waveguide  with 
respect  to  the  center  of  the  active  layer  for  •»  »  0  in  both  cases,  as  shown  in 
Figure  9  and  10. 

The  coupling  efficiency  between  the  laser  diode  and  the  LiNbO^  waveguide 
is  determined  by  calculating  the  overlap  integral  between  the  incident  field, 

,  (Equation  2.5  or  2.23),  and  the  guided  wave  mode  (Equations  2.13,  2.19) 
liven  by  Equation  2.24. 

Equation  2.24  Mas  evaluated  numerically  by  Simpsons  rule  on  the  ISK  360/2065 

computer  with  •  0.02  ,.m.  The  limits  of  the  integration  were  truncated  at  values 

# 

o*  *  where  ,  (*,z)  •  .  (0,z)/e  .  The  3essel  function  in  Equations  2.18  and 

inc  tnc 

2.19  was  usually  of  fractional  order  and  real  argument,  and  was  computed  bv  the 

11 

series 


(x)  - 


fcl.  (V  *  k  ♦  I) 


(T) 


v  *  2k 


wnere  "  is  the  gamma  function  and  a  double  precision  procedure  was  used  for  the 
computation,  "he  series  was  truncated  at  the  kth  term  when  the  value  of  the  kth 
tem-  wis  less  than  10  Comparison  of  the  J  (x)  evaluated  in  this  manner  with 

the  tabulated  values  indicated  that  the  accuracy  was  better  than  4  significant 
figures  ' 

2.5  Ejects  of  Vansverse  Displacement 

'he  couo ling  efficiency  Is  qiven  In  Figures  11  through  19  for  the  case  of 
oer'ect  angular  alignnent  (a  *  0).  Figures  11  through  13  show  the  coupling 
efficiency  as  a  function  of  transverse  displacement,  i,  for  various  x^  and  S 
values  characterizing  the  7£^  mode  in  the  UNbO^  waveguide  and  for  0.5  um 
separation  between  the  end  surfaces  of  the  waveguide  and  the  laser.  Figures 
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A  (  /!•) 
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FIGURE  11 


14  throuqn  19  show  the  results  of  similar  calculations  for  the  sane  Xg,  5  and  i 
values  obtained  at  1.0  um  and  2.9  ..m  separations. 

To  illustrate  the  couplinq  efficiency  that  nay  be  obtained  in  experimentally 
realizable  waveguides,  the  couplinq  efficiencies  have  been  evaluated  for  the  * 
and  \n  (t  and  •.  )  values  narked  by  trianqles  in  figure  20.  To  show  the  significance 
of  the  node  profile  variations,  points  beyond  the  "no  TiO^  residue"  limt,  typically 
for  i  •  0.7  „n,  have  been  included. 

**otice  that  even  at  «  «  0.7  „m  and  Xg  •  1.35  ym.  correspond! no  to  in  •  0.05 
and  '  •  9.7  _m ,  the  maximum  efficiency  is  4  3t  for  i  »  0.76  „m.  Coupling  efficiency 
of  tie  order  of  25*  to  30t  is  obtained  in  other  cases.  The  coupling  efficiency  is 
not  very  sensitive  to  errors  in  transverse  displacement  alignment.  The  coupling 
efficiency  also  does  not  dearade  rapidly  as  the  lonqltudinal  separation  distance 
is  increased  as  shown  In  Fiqure  21. 

'he  qeneral  conclusion  is  that  the  couplinq  efficiency  is  fairly  low  which 
is  caused  by  the  -ismatch  between  the  LiNbOg  wavequide  mode  and  the  incident 
laser  diode  radiation  field.  For  the  chosen  beam  waist  size.  Wg,  the  following 
observations  can  be  made  for  zg  ■  0.01  *m,  the  mode  depth  *g  is  made  larger 
than  w(z),  the  naif  beam  width,  and  the  beam  radius  of  curvature.  R(z)  is  very 
larqe.  'here  is  a  larqe  amplitude  mismatch  and  snail  phase  variations  between 
and  .y  For  0.01  „m  <  Zg  <  2.0  yi* i,  xQ  £  w(z)  and  R(z)  £  z  resulting  in  a 

close  amplitude  ~atch  and  large  phase  mismatch  between  .  .  ,  and  v . .  For  z-  ■» 

1  nc  i  U 

2.0  „r ,  «g  •'  w( z )  and  R(z)  is  larqe.  resulting  in  a  large  amplitude  mismatch 

and  small  phase  variations  between  ..  and  ...  The  net  effect  is  a  small  value 

1  nc  i 

for  the  overlap  integral  in  Equation  2.24  for  all  values  of  Zg. 

'he  incident  radiation  field  was  shown  to  fit  a  causslan  beam  with  half  beam 
waist  size,  Wg  •  9.2  ..m,  in  Section  2.1.  In  general,  there  are  two  methods  which 
can  be  used  to  detemnine  the  parameter,  Wgi  (a)  to  match  the  gaussian  beam  field 
distribution  to  the  E-field  of  the  guided  mode  at  the  laser  diode  end  surface  and 
(b)  to  match  the  gaussian  far  field  distribution  to  the  calculated  far  field  pattern 
49.411  (or  the  experimentally  measured  far  field  Intensity  profile)  to  find  Wg. 
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EFFICIENCY  12J 


COUPLING  EFFICIENCY  VS  A(/un)  Z  =  1.0  Mm 
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EFFICIENCY  (2) 


In  the  present  analysis,  w^  has  been  chosen  according  to  method  (a).  For 
couplmq  efficiency  calculations  the  radiation  field  distribution  in  the  near 
field  may  be  needed.  Therefore,  matching  the  qaussian  bean  to  the  oscillating 
mode  profile  at  the  laser  end  surface  may  provide  a  more  accurate  representation 
of  the  near  field  radiation  pattern.  Botet  has  done  a  similar  calculation  to 
match  a  gaussian  distribution  to  the  oscillating  mode  profile  for  slightly 
different  parameters^.  For  an  active  region  thickness  d  *  0.288  „m,  x  « 

0.9  ..m,  n^  *  3.6  and  in  ■  0.14.  Equation  15  and  Figure  3  (d)  in  Reference  14 
yields  w^  *  0.32  ..m. 

In  order  to  match  the  far  field  patterns,  the  bean  divergence  of  a  gaussian 
bean  is  determined  according  to 

4  •  tan  '  (~ — ),  (2.28) 

**0 

■here  4  is  the  I/e  point  of  the  far  field  distribution  (i.e.,  the  half  beam  width). 
Sutler  et  al'"  have  defined  as  the  anale  subtended  between  the  half  intensity 
points  of  the  far  field  intensity  distribution  in  the  plane  perpendicul ar  to  the 
Junction  plane. 

Following  j>3te;  et  al^: 


we  obtain  'nr  w. 


_1 

r  w0 


■). 


_i _ .‘‘it*. _ s_ 


-  c*n 


) 

•Tf 


(2.29) 


(2.30) 


Sutler  et  a  1 ‘  have  calculated  the  far  field  intensity  profile.  Figure  10 
of  ®e'erence  ^  shows  •*  as  a  function  of  the  effective  guide  width  0.9  d/ig  for 
index  differences  between  the  active  layer  and  surrouding  layers,  in  ■  0.06  to 
0.22.  Using  the  physical  data  of  active  layer  thicknesses  and  index  difference 
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EFFICIENCY  U) 


FIGURE  22 


COUPLING  EFFICIENCY  VS  A(Mm)  Z=  0.5  jun 


W.  ■  0.45  LO 


given  for  the  MOAC-STL  laser  (i.e.,  2d  «  0.2  ..m,  «  0.8350  cm,  n^  *  2.635  and  :.n  * 

0.14}  and  the  •»_  given  In  Figure  10  of  Reference  15.  we  find  *3  •  0.45  „m.  If 
the  value  experimental  1 y  (measured  by  HDAC-STi.  in  the  far  field  is  matched  to 
the  bear  divergence  of  a  gaussian  bear,  a  value  ranging  fror  0.43  yn  to  0.51  _ri 
is  obtained. 


Tne  variation  between  the  value  of  w^  «  0.20396  detemined  by  method  (a) 
in  Section  2.1  and  the  w^  values  from  the  far  field  calculations  and  experimental 
measurements  of  the  intensity  profile  indicate  that  the  couni inq  efficiency  should 
be  examined  for  •  0.45  cm.  Therefore,  the  coupling  efficiency  as  a  function  of 
displacement  i  is  presented  again  in  Figures  22  to  30  for  •  0.5  ..m.  1  _m,  and 
2  „m  for  *  *0.7,  1.06  and  1.4  „m  at  various  mode  depths  x^.  Clearly  an  increase 
in  coupling  efficiency  by  a  factor  of  two  can  be  obtained  at  w^  •  0.45  cm  as  com¬ 
pared  to  w-  •  0.2  w*. 
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COUPLING  EFFICIENCY  VS  A(/i* n)  Z 


FIGURE 


COUPLING  EFFICIENCY  VS  A  (Mm)  Z=  1.0  Mm 


COUPLING  EFFICIENCY  VSA(fim)  2  =  1.0pm 
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FIGURE  26 
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EFFICIENCY  iZJ 


COUPLING  EFFICIENCY  VS  A(Mm)  Z  =  2.0Mm 


COUPLING  EFFICIENCY  VS  A(Mm)  Z  =  2.0Mm 


A  (#/•) 


FIGURE  30 
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2 . 6  E f fects  of  Angular  Alignment 

The  coupling  efficiency  between  the  laser  diode  and  the  waveguide  for  ••  *  0 

is  determined  by  calculating  the  overlap  integral  between  the  incident  electric 

field,  ,  .  .  as  oiven  bv  Eduation  2.23  and  the  guided  wave  mode.  A  small  node 

me 

depth,  »  2.38  and  5  •  1.06  „tn,  is  chosen  -s  close  to  the  "no  TiO^  residue" 
limit  as  experimental  fabrication  will  llow.  The  results  are  shown  in  Figures 
11  and  32  for  : ^  *  0.5  um  and  1.0  ^m,  respectively  as  a  function  of  <j  (-15°  <_  0 
♦15°)  and  i(0  <  i  <  2.4  um). 


COUPLING  EFFICIENCY  VS^(/im)  Z  =  0.5/im 
AS  A  FUNCTION  OF  6  (DEG) 
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FIGURE  31 


r:  r 


At  positive  values  of  9,  the  incident  electric  field  amplitude  decays  slower 
in  the  negative  *'  direction  than  in  the  positive  x’  direction.  Such  a  field 
-atches  the  amplitude  variation  of  the  ouided  wave  mode  somewhat  better.  However, 
the  radius  of  curvature  R  of  the  wavefront  (i.e.,  the  constant  phase  surface)  of 
the  incident  oausslan  bean  is  also  a  function  of  the  distance  of  propagation  away 
from  the  laser  end  surface,  figure  33  illustrates  the  variation  of  R  as  a  function 
of  z  for  the  oausslan  beam  in  our  calculation.  At  •  0.5  um  the  phase  of  the 
incident  field  for  %  <  0  varies  more  rapidly  across  the  waveguide  edge  at  larger 
positive  angle  of  a.  and  the  phase  variation  tends  to  reduce  the  value  of  the 
overlap  integral.  The  opposite  effect  occurred  for  negative  values  of  «.  Thus, 
the  net  effect  of  these  two  compensating  factors,  i.e.,  the  amplitude  and  phase 
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BEAM  RADIUS  OF  CURVATURE,  R(z),  wQ  =  0.20396  (xm 


variations,  is  tha':  the  coupllno  efficiency  is  not  very  sensitive  to  angular  mis 
alignment  and  that  a  slightly  hiqher  efficiency  Is  achieved  at  9  •  10®  than  at 

a  ■  C*. 


■  • '  Coryarison  with  Error  Tunc tlon  Complement  Diffusion  Profile 

The  possible  errors  that  can  be  produced  by  using  the  assumption  of  an 
exponential  diffusion  profile  have  been  examined.  In  an  unpublished  work, 
Mocker1  has  given  a  computer  calculated  electric  field  pattern  of  the  TEq 
mode  for  v  »  9.80  and  b  •  0.469  in  an  error  function  diffusion  profile.  Using 
the  same  v  value  It  was  found  that  b  »  0.56079  for  the  equivalent  mode  In  the 
exponential  diffusion  profile,  figure  3<  shows  a  comparison  of  the  field 


MODE  PROFILE  COMPARISON 


figure  34 

patterns  In  the  two  cases.  Figure  35  shows  the  calculated  efficiency  as  a 
function  of  displacement  for  a  mode  with  an  exponential  diffusion  orofile  with 
in  ■  0.09513  and  *  •  2.0  urn  and  an  error  function  complement  diffusion  profile. 
Notice  the  close  agreement  that  exists  between  the  two  cases.  Therefore,  it  is 
unlikely  that  the  jse  of  an  exponential  diffusion  profile  is  an  important  source 
of  error  in  the  calculation  of  couplino  efficiency. 

2 . 8  Coupl ing  Calculation  -  Gaussian  Approximation 

To  complement  the  calculation  performed  at  Washington  University  and  described 
in  Section  2.4  of  this  report,  a  second  calculation  was  performed  by  WAC-STl. 

This  calculation  took  a  simplified  approach  in  which  the  waveguide  mode  and  the 
laser  -node  were  both  approximted  by  Gaussians.  While  such  a  model  cannot  be  ex¬ 
pected  to  predict  all  features  of  a  couoling  experiment,  it  does  orovide  a  clsoed 
for*-  result  for  the  coupling  efficiency  as  a  function  of  both  longitudinal  and 
transverse  misalignments  The  closed  form  result  can  then  be  used  to  check  the 
gross  features  of  the  exact  numerical  calculation  of  the  previous  section. 
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EFFICIENCY  (2) 


R1U)  * 1  [ 1  f  J  . 


(2.: 


Similarly,  tN»  waveguide  mode  was  assuned  to  be  of  the  form 


v2(*.f ) 


3(z)  e*p 


(2.3 


where  *20  15  the  waist  radius  o *  the  waveguide  mode  and  B ( z )  Is  a  z-dependent 
amplitude.  The  coupling  efficiency  i  is  given  by 


?  (x.z)  *  *  (*,*)  dx 


/’  ♦,  (n.z)  (jc.z)dW  *21*.Z)  »*  (*.*)d* 


(2. 


Performing  the  necessary  integrations.  one  finds 
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is  the  maximum  value  of  the  coupling  efficiency  when  z  •  0. 


While  this  Gaussian-Gaussian  coupling  model  is  a  very  simple  model,  its 
predictions  compare  very  favorably  with  the  results  of  coupling  experiments. 

This  will  be  discussed  in  greater  detail  in  Section  2.6  of  this  report.  It 
is  instructive  to  examine  Equation  (2.36)  in  some  detail.  For  example,  aqain 
assuming  optimum  transverse  alignment  (d  *  0),  the  role  of  the  phase  varia¬ 

tion  of  i*.z)  in  degrading  the  coupling  efficiency  can  be  determined  by 
plottinq  n  for  both  the  exact  case  and  the  case  for  which  Rj(:)  •  «.  A  com¬ 
parison  of  these  two  cases  is  Shown  in  Figure  36  for  w.,^  •  1.4  urn  and  w^  « 

0.4  _m.  Both  calculations  yield  virtually  identical  curves  for  z  »  30  „m  and 
both  give  the  same  couplinq  efficiency  for  z  •  0.  However  the  "no  phase” 
coupling  efficiency  goes  through  a  large  peak  near  ;  •  2  -m  whereas  the  inclu¬ 
sion  o#  pnase  ejects  produces  a  coupling  efficiency  which  is  a  relatively  slow 
and  monotonical ly  decreasing  function  of  :.  The  large  peak  in  the  "no  phase" 
couplinq  efficiency  is  to  be  expected  since,  as  shown  in  Equation  2.32,  the 
width  of  .  ,(*.*)  increases  with  :  and  so  there  exists  some  value  of  z  for  which 
.  and  ,^(x,d)  have  equal  widths.  Fiuore  37  shows  the  phase  of  .  j  ( x,z ) 

as  a  'unction  of  x  for  •  •  0  and  z  ■  2.0  „n.  The  severe  departure  from  constant 
phase  is  responsible  for  the  striking  difference  between  the  two  curves  in  Figure  76. 

EFFECT  OF  PHASE  ON  COUPLING  EFFICIENCY 


FIGURE  36 
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GAUSSIAN  BEAM  PHASE  VARIATION 


2.9  laser  Diode  Dev  e lopnen t 

'he  5ase>-  diodes  used  in  tMs  program  wre  fabricated  from  corrterclal  (ITT) 
wafers  of  double  ”eterostrycture  GaAlAs.  Figure  38  shows  a  typical  diode  layer 
con 'i qurat tor  including  dooant  concentrations  and  layer  thicknesses.  The  far- 
f'e’d  radiation  patters  from  several  such  diodes  were  -measured  and  found  to  ex¬ 
hibit  a  Sausstan  dependence  upon  the  coordinate  perpendicular  to  the  Junction 


DIODE  LAYER  CONFIGURATION 
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FIGURE  38 


51 


INftNSItV 


plane.  The  Gaussian  waist  parameter  (wq)  values  required  to  fit  the  data  typically 
fell  m  the  range  0.4  „m  <  w  <0.5  vm.  The  radiation  pattern  measurements  for  the 
ITT-naterial  laser  diodes  were  compared  to  those  for  other  commercial  diodes  and 
an  example  is  shown  in  Finure  39.  The  solid  lines  are  Gaussians  and  the  tabular 
inset  gives  the  type  of  laser  diode,  the  full  width  at  the  half-power  (FwhP)  points, 
and  the  waist  diameter  (•  2wq). 

'»  Mi’ 

TRANSVERSE  LASER  BEAM  PROFILE 


For  use  lr>  the  coupling  al 'gnment  sensitivity  measurements ,  the  laser  didoes 
«ere  mounted  protruding  from  their  heat  sinks  by  about  9  urn.  The  laser  diodes 
used  in  the  fabrication  of  the  coupler  chips  were  bonded  to  the  silicon  substrates 
by  an  ingium  soldering  process.  After  oxidizing  the  silicon  substrate  surface,  a 
layer  of  nichrome  was  electroplated  onto  the  SiOj,  followed  by  a  layer  of  sputtered 
gold,  a  layer  of  electroplated  nickel,  and  a  layer  of  electroplated  indium  solder 
layer.  The  final  processing  step  was  the  indium  soldering  of  the  laser  diode  to 
the  stack  described  above.  This  procedure  was  found  to  be  successful  provided 
each  surface  was  kept  clean  before  and  during  the  deposition  of  the  next  layer. 
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2.10  .iavegui de  Edge  Pol ishinq 

Twelve  Li'lbO^  waveguides  were  successfully  polished  during  the  course  of 
the  program.  The  most  serious  problem,  fracturing  of  the  waveguide  at  the 
scribed  identification  mark  during  polishing,  was  eliminated  by  scribinq  the 
identification  mark  in  the  center  of  the  LiNbO,  substrate  before  depositing 
tne  titanium  (Ti)  layer.  While  some  waveguide  edqes  prove  easier  to  polish 
than  others,  no  consistent  pattern  could  be  identified  and  the  procedure  can 
be  said  to  be  reduced  to  routine. 

The  edqe  polishing  procedure  involved  mountinq  the  waveguides,  grinding, 
and  polishing.  Mounting  the  waveguides  was  the  most  critical  part  of  the  process. 
The  waveguides  were  stacked  together  with  a  thin  layer  of  wax  (as  close  to  optical 
contact  as  possible)  and  a  piece  of  similar  material  was  mounted  on  each  side  of 
the  stack  to  act  as  riders.  Once  in  contact  and  cooled,  the  waveguides  wet o 
neated  in  a  fixture  with  weight  applied  to  the  stack  to  squeeze  out  wxress  wa*. 

The  crystal  surface  polishinq  procedure  consisted  of  three  operations: 

(1)  rguoh  grindinq,  (2)  fine  qrlndmq,  and  (3)  polishing.  The  rough  grinding 
step  required  more  than  one  abrasive  size  if  less  than  0.5mm  of  material  needed 
to  be  removed.  If  more  than  0.5nm  of  material  needed  to  be  removed  then  several 
different  size  abrasives  were  required.  The  fine  grindinq  step  required  only 
one  abrasive  size.  The  polishing  step  first  required  cleaning  the  surface  and 
then  two  different  size  polishing  powders  were  used  to  achieve  the  desired  sur¬ 
face  finish. 


2.11  Optical  Coating  development 

"he  optical  coating  development  consisted  of  the  design,  deposition,  and 
evaluation  of  a  thin  film  anti  reflection  ( AR )  coating.  The  design  consisted  of  a 
sinqte  layer  of  99.9999**  pure  fused  silica  (SiO^).  The  AR  coating  was  designed 
to  have  an  optical  thickness  of  a  quarter  wavelength  at  ■  8A0  nm,  which  is  the 
approximate  center  of  the  ILD  wavelength  band.  The  I L 0  wavelength  limits  were 
defined  to  be  810  nm  to  870  nm,  which  had  corresponding  reflectances  of  0.12* 
and  0. lit,  respect! vely.  figure  40  is  a  plot  of  the  calculated  reflectance 
versus  wavelength  for  the  T 1 : L 1 NbO ^  waveguide  and  the  SK-1  glass  witness  sample. 
Tab'e  1  is  a  list  of  reflectance  values  associated  with  figure  40. 


53 


%  REFLECTANCE 


AR  COATING  FOR  WAVE  GUIDE  EDGE 
(1LD  Wavelength  Range:  810  nm  —  870  nm) 


SINGLE  LAYER  S1O2  AR  COATING 


>0  mo 


The  deposition  parameters  of  the  thin  film  AR  coating  were:  •  »  340  nm; 
optical  thickness  (nt)  •  •/*;  substrate  temperature  •  250*0;  and  the  deposition 
pressure  •  2  *  10*^  torr.  A  schott  glass,  SK-1  was  used  as  the  witness  sample 
In  each  coating  run. 

The  evaluation  of  the  thin  film  coatina  consisted  of:  (1)  determining  the 
inde*  of  refraction  and  thickness  of  the  deposited  thin  film  using  an  el  1 Ipsometer , 
(2]  measuring  the  reflectance  at  near  normal  incidence  (using  HeMe  laser  radiation, 
»  633  nm)  of  the  witness  sanole  and  waveouide,  and  (3)  measuring  the  reflectance 
at  near  normal  incidence  (using  ILO  laser  radiation)  of  the  witness  sample  and 
wavegui de . 
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TABLE  1 

PERCENTAGE  REFLECTANCE  VERSUS  WAVELENGTH 
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2. '2  9u U  Electromechanical  Coupling  E xperlnent 

In  order  to  determine  the  fabrication  tolerances  associated  with  the  develop¬ 
ment  of  a  laser  dlode-to-dl ffused  waveguide  couoler,  the  sensitivity  of  the  coupllnq 
efficiency  to  both  longitudinal  (l)  and  transverse  (x)  alignment  was  measured.  A 
sketch  of  the  experimental  system  Is  shown  In  Figure  41  and  a  photograph  is  shown 
in  Figure  42.  In  this  system,  a  GaAlAs  laser  diode  was  mounted  on  a  series  of 
stages  which  provided  three  translational  and  two  rotational  degrees  of  freedom. 

Two  Burleigh  Inchwor-  translators  were  used  to  scan  the  laser  diodes  In  the  x- 
and  :-direct<ons  with  respect  to  the  (fixed)  waveguide  while  a  silicon  detector 
monitored  the  intensity  of  the  m-llne  coupled  out  of  the  waveouide  through  a 
rutile  prism. 


Since  the  Burleiqh  Inchworms  were  nonlinear.  It  was  necessary  to  develop  a 
technique  for  accurately  measuring  the  displacement  of  the  laser  diode  with  re¬ 
spect  to  the  LlNbO^  waveguide.  To  accomplish  this,  two  Wchelson  Interferometers 
,'with  a  MeMe  laser  source)  were  constructed  with  one  mirror  of  each  Interfereometer 
attached  to  adjacent  sides  of  the  translation  stage.  The  data  were  taken  using  a 
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ILD/WAVEGUIDE  COUPLER  EXPERIMENT 
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CHART  RECORDER 


FIGURE  41 


PHOTO  OF  COUPLING  APPARATUS 


FIGURE  42 


2-pen  chart  recorder  with  a  time  based  scan.  While  one  pen  recorded  the  n-Une 
intensity,  the  second  pen  recorded  the  fringes  produced  by  the  appropriate  inter¬ 
ferometer  in  response  to  the  motion  of  the  Burleigh  Inchworm.  In  this  way,  an 
accurate  record  of  the  m-line  intensity  as  a  function  of  either  *  or  :  was  readily 
obtained.  As  an  example  of  a  segment  of  a  raw  data.  Figure  43  shows  a  typical 
scan  of  the  m-line  intensity  as  a  function  of  the  transverse  coordinate  x.  It  is 
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FIGURE  43 


important  to  note  that  the  Inchworm  cannot  scan  continuously  over  a  range  suffi¬ 
ciently  large  to  cover  the  total  displacement  needed  in  the  experiment.  Instead, 
the  Inchworm  “pauses",  tak.es  another  "bite’,  and  then  continues  scanninq.  These 
“pauses”  lead  to  shoulders  in  the  m-line  scan  and  elongation  of  the  fringes  and 
are  clearly  evident  in  Fiqure  43.  In  spite  of  this  disadvantageous  feature  of 
the  Burleigh  Inchworms,  no  fringes  are  lost  if  the  data  is  analved  carefully 
and,  for  example,  the  data  of  Figure  43  can  be  corrected  to  give  the  plot  shown 
in  Figure  44. 


tmhooOmpui 


Figure  45  presents  the  results  of  our  measurements  of  the  m-line  intensity 
as  a  function  of  z,  the  lonqitudinal  separation,  for  a  waveguide  with  an  AR- 
coated  edge.  The  data  were  collected  by  performing  a  transverse  scan  (x)  for 
several  values  of  z,  and  each  data  point  in  Fiqure  45  represents  the  maximum 
intensity  for  each  value  of  z.  The  solid  line  is  merely  a  guide  to  the  eye,  not 
a  fit  to  the  data,  and  actually  passes  through  one  additional  data  point  at  z  * 
72.5  m  whtch  is  not  shown  on  this  plot.  It  should  be  noted  that  the  vertical 
axis  in  Figure  45  gives  the  system  throughput  and  not  the  actual  butt-couoling 


THROUGHPUT  EFFICIENCY  VS.  ILD/WAVEGUIDE  SEPARATION 

Waveguide  Edge  is  AR  Coated 


efficiency.  The  system  throughput  was  decreased  from  100*  by  the  butt-coupling 
efficiency,  the  prism  coupling  efficiency,  propagation  losses  in  the  waveguide, 
reflection  losses  at  the  prism  edge,  and  reflection  losses  at  the  lens  positioned 
in  front  of  the  detector.  For  the  waveguide  used  in  this  experiment,  an  estimate 
of  45'-  for  all  other  system  losses  resulted  in  a  butt-coupling  efficiency  of  50". 
Seduced  estimates  of  the  prism  couplinq  efficiency  give  a  corresponding  increase 
in  the  inferred  butt-coupling  efficiency. 

In  addition  to  providing  a  measure  of  the  sensitivity  of  the  m-line  intensity 
to  lonqitudinal  misalignment,  the  experiment  measured  the  transverse  misalignment 
sensitivity.  As  the  laser  diode  was  translated  in  the  x-direction,  the  m-line 
intensity  recorded  by  the  detector  assumed  a  roughly  Gaussian  shape  and  a  few 
examples  are  shown  in  Figure  46.  The  full  width  at  half  (power)  maximum  (FWHK) 

'0 

THROUGHPUT  VS.  TRANSVERSE  DISPLACEMENT 


of  this  intensity  distribution  is  plotted  in  Figure  47  as  a  function  of  the 
longitudinal  (i)  separation  between  the  laser  diode  and  the  waveguide  edge.  The 
solid  line  is  a  least  squares  fit  to  the  data  points  and  has  the  equation 


FWHM  ( „m)  •  0.162  ♦  1.3  (2.39) 


where  2  is  in  micron  units. 
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FWHM  VS.  ILD/WAVEGUDE  SEPARATION 
Waveguide  Edge  it  AK  Coated 


The  data  presented  in  Figure  45  and  47  provide  infomatlon  regarding  the 
alignment  tolerances  associated  with  the  fabrication  of  a  hybrid  coupling  chip. 
Figure  45  de-ions t rated  that  the  coupling  efficiency  was  a  slow  function  of  the 
longitudinal  separation.  A  separation  of  approximately  15  microns  resulted  in 
only  a  50’  reduction  from  the  maximum  coupled  power.  The  transverse  alignment 
tolerance,  on  the  other  hand,  was  extremely  tight.  For  laser/waveguide  separa¬ 
tions  of  5.0  _m  or  less,  a  transverse  displacement  of  one  micron  or  less  in 
either  direction  reduced  the  coupled  power  by  50*-.  Therefore,  the  fabrication 
o'  a  hybrid  coupler  chip  requires  a  transverse  positioning  capability  with  a 
resolution  of  less  than  one  micron. 

The  bulk  electromechanical  apparatus  has  been  used  to  evaluate  the  effective¬ 
ness  of  the  AR  edge-coatings  in  reducina  feedback  to  the  laser  diode.  Hunsperger, 
18 

fariv,  and  Lee  '  demonstrated  that,  when  placed  in  close  proximity,  the  polished 
waveguide  ed~e  and  the  front  face  of  the  laser  diode  formed  a  Fabry-Perot  inter- 
f*ro meter  which  modified  the  amount  of  power  that  was  coupled  into  the  waveguide. 
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In  their  experiment,  the  coupled  power  oscillated  between  maxima  and  minima  as  a 
^unction  of  the  longitudinal  ( 2 )  separation,  with  a  modulation  depth  of  approxi¬ 
mately  20*  of  the  averaqe  power.  This  same  effect  has  been  observed  in  conjunc¬ 
tion  with  the  work  with  a  similar  value  for  the  modulation  depth  (--20»).  Figures 
43  and  49  show  plots  of  the  m-line  intensity  as  a  function  of  z  for  both  an  un¬ 
coated  and  a  coated  waveguide  edge.  For  the  coated  waveguide,  the  modulation  depth 
■as  been  reduced  to  approximately  2'  of  the  average  power  and  represents  a  factor 
of  ten  improvement  over  the  uncoated  edge. 


THROUGHPUT  VS.  SEPARATION  DATA 
SHOWING  FABRY-PEROT  EFFECT 


FIGURE  48 


THROUGHPUT  VS.  SEPARATION  DATA 
(With  AR  Coaling) 


It  Is  i "octant  to  note  that  the  vertical  axis  of  the  olot  In  Figure  50  Is 
throughout  and  not  coupllnq  efficiency.  The  experimental  points  are  ratios  of 
tne  '-line  intensity  to  the  total  intensity  emitted  by  the  laser  diode.  To  com¬ 
pare  theory  and  experiment.  the  coupling  efficiency  given  by  Equation  (2.36)  was 
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FIGURE  49 


As  -entioned  in  Section  2.2  of  this  report,  the  Gaussian-Gaussian  coupling 
node'  provides  a  good  #it  to  the  measured  coupling  sensitivity,  as  shown  In 
figure  50.  In  comarino  Equation  (2.36)  (with  •  •  0)  with  the  data,  it  was 
necessary  to  specify  both  w1Q  and  w,^.  The  first  of  these  was  Inferred  to  be 
w. ,  •  O.i  micrometers  from  measurements  of  the  laser  diode  far  field  pattern. 

**ie  second  oaraneter  w„,  was  treated  as  an  adjustable  parameter.  The  agreement 
between  theory  and  experiment  is  quite  good  for  1.5  „m  >_  w^g  >  1.4  If  one 

equates  2w,g  with  the  mode  depth  of  the  TE?  guided  wave  in  Ti:L1Nb0j.  one  obtains 
a  3  .. m  mndA  depth  which  is  consistent  with  other  measurements  and  calculations. 


LONGITUDINAL  SENSITIVITY 
Theory  and  Experiment 


LASER  WAIST  RAOIUS  •  0.4 
WAVEGUIDE  MODE  WAIST  RADIUS 
MEASURED  POINTS  ooo 


FIGURE  50 


nor^4H:e<J  so  that  the  values  at  z  •  0  we**e  the  same.  This  is  equivalent  to 

multiplying  the  edqe-coupHng  effclency  «  by  a  transmission  factor  which  accounts 

eo r  all  reflections,  propagation  losses  In  the  waveguide,  and  the  prism  coupling 

e4,ldency.  Since  the  agreement  between  theory  and  e*per1ment  Is  very  good,  this 

fitting  procedure  can  be  used  to  eitract  the  actual  (ma*imum)  edge-coupl Inq 

efficiency  'ro-  the  data.  The  inferred  values  of  -  are  shown  in  the  tabular 

o 

Inset  In  Figure  50  and  are  -  •  52.8?  and  -  •  49.8?  for  w,rt  •  1.5  ym,  respec- 

0  0  <u 

ti vely . 


2.13  Prototype  Coupler 


The  prototype  coupler  is  presented  In  Figure  51.  It  consisted  of  an  oildlred 
silicon  substrate.  ILD.  Tl;LiNbOj  waveouide.  conducting  pads,  and  bond  wires.  The 
substrate  had  a  It-  wide  by  3.005mm  deep  channel  In  which  a  1.27mm  long  by  0.25m 
4  e  conduct inq/ sol  dering  pad  was  deposited.  The  prototype  coupler  r*auired  nine 
'aoricatlon  steps:  (1)  a  50.4m  diameter  %  1.27m  thick  silicon  wafer  was  cut  to 
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FIGURE  51 


the  designed  configuration.  (2)  a  channel  was  chemically  etched  Into  the  silicon, 
which  served  to  align  the  I L 0  Junction  to  the  plane  of  the  waveguide.  (3)  a  layer 
o'  silicon  dio»ide  (S^)  was  thermally  grown  over  the  entire  surface  to  provide 
electrical  'nsulatlon  and  a  relatively  low  refractive  inoe*  interface  between  the 
waveguide  and  substrate.  (4)  the  connecting  pads  were  deposited.  (5)  Indlutr  was 
p’ated  over  the  electrode  in  the  channel,  (6)  the  ILO  was  soldered  at  the  edoe 
o'  the  Indian  pad.  (7)  ‘ r#  leads  were  bonded  from  the  ILO  to  the  wider  electrode, 

8)  the  waveguHr  was  actively  alimed  and  coupled  to  the  ILO,  and  (9)  the  wave¬ 
guide  was  bonded  onto  the  substrate. 

The  prototype  couoler  successfully  coupled  radiation  fro*  the  ILO  to  the  wave¬ 
guide.  *he  photograph  in  Figure  52  shows  the  guided  wave  radiation  propagating 
'ro*  tne  end  o'  the  waveguide.  The  vertical  structure  on  the  bottom  of  the  center 
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Initially,  the  height  of  the  p-n  junction  was  determined  bv  first  bonding  an 
IlO  onto  a  silicon  substrate  and  then  crindlng  and  polishing  the  silicon  and  IlO 
to  facilitate  the  measurement  o'  the  thickness  of  the  bonding  naterlal.  The  entire 
fixture  was  placed  under  an  infrared  microscope  and  the  ILO  was  activated  to  a 
f’uorescino  state.  Tne  separation  between  the  o-n  <unctlon  and  the  silicon  substrate 
was  measured  to  be  appropriately  5.5  a  photooraoh  of  this  fixture  is  shown  in 
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FIGURE  53 

’he  photograph  in  Fiqure  54  Is  an  interference  pattern  between  the  ILD  and  its 
re#'ection  in  the  Substrate  before  waveguide  couplinq.  The  interference  pattern 
was  used  to  deter-ine  the  height  of  the  p-n  Junction  above  the  substrate  (Figure  54b) 
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The  equation  used  to  calculate  the  p-n  junction  height  was: 


<1 

v 


(2.40) 


•nere  *Q  is  the  optical  wavelength.  0  is  the  separation  between  the  source  and 
observation  plane,  and  X  is  the  separation  between  adjacent  minima.  This  measure* 
-wnt  was  the  standard  procedure  in  character!* ing  the  I L 0  soldering  process. 


2.14  Improved  Coupler 

4  schematic  of  the  improved  coupler  is  shown  in  figure  55.  The  basic  fabrica¬ 
tion  procedure  is  similar  to  the  prototype  coupler  with  the  following  exceptions: 
(l)  the  substrate  conf igurat ion  is  a  12"r>  by  1 9mr  rectangle.  (2)  the  ILD  channel 
width  is  C.5nm.  and  (3)  the  addition  of  two  Inn  long  by  0.25mm  wide  by  0.125m 
deeo  drainage  channels.  The  addition  of  the  drainage  channels  is  for  the  excess 
;(..v"t  and  requires  an  extra  chemical  etching  step  in  the  fabrication  procedure. 


4  photograph  of  one  o4  the  two  coupler  units  delivered  to  NRi  is  shown  in 
figure  56.  The  waveguide  is  bonded  to  the  silicon  substrate  by  UV  curing  cement 
and  has  been  designed  to  overhang  the  silicon  substrate  to  accomodate  an  output 
pris-.  Because  of  the  tight  alignment  tolerance  in  the  transverse  dimension, 
the  coupler  chips  achieved  only  a  5t  -  lot  throughput  as  measured  through  the 
edge  of  the  waveguide.  This  represents  an  edoe-coupl ing  efficiency  two  to  four 
times  less  than  the  theoretical  limit  of  approximately  50:.  To  achieve  the  theo¬ 
retical  limit,  it  will  be  necessary  to  devise  a  scheme  to  reliably  identify  and 
maintain  ooti*mvi"  alignment  during  fabrication,  fiqure  57  shows  a  photograph  of 
the  radiation  emerging  fnor  the  edoe  o*  Ti-.Li’ibO^  waveguide  mounted  on  the  coupler 
chip.  *he  sharp-edoed  vertical  bars  in  the  photograph  correspond  to  substrate 
total -internal -reflection  modes.  The  waveguide  radiation  is  rather  diffuse  and 
is  located  at  the  center  of  the  photograph. 
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PHOTOGRAPH  OF  THE  IMPROVED  COUPLER 

tO-JJOl 


FIGURE  56 


PHOTOGRAPH  OF  RADIATION  EMERGING 
FROM  WAVEGUIDE  EDGE 


3 . OX^CONCLUS IONS 

The  efficiency  with  whicn  a  double-heterostructure.  GaA 1  As  laser  diode  can 
be  edqe-coupled  to  a  Ti-.liNbO^'  diffused  waveguide  has  been  studied  usino  both 
theoretical  and  experimental  approaches.  Soth  the  analytical  and  the  numerical 
estimates  of  the  coupling  efficiency  predict  maximum  efficiencies  of  approximate! 
50*  for  the  laser  diodes  used  in  this  program.  Measurements  of  the  sensitivity 
of  the  coupling  efficiency  to  both  transverse  and  lonqitudinal  misalignment  have 
been  performed  and  these  measurements  show  the  coupling  efficiency  to  be  a  slow 
function  of  the  longitudinal  separation  and  a  stronq  function  of  the  transverse 
offset.  When  the  measured  data  are  fit  to  an  analytical  model,  the  results  in¬ 
dicate  that  a  maximum  couplinq  efficiency  of  about  50t  has  been  achieved.  Two 
coupler  chips  were  fabricated  and  delivered  to  NPL .  The  coupler  chips  used  a 
flip-chip  desiqn  and  were  fabricated  on  silicon  substrates.  The  units  delivered 
to  *iRL  had  coupling  efficiencies  of  5*.  -  13T  and  thus  fell  short  of  the  theore¬ 
tically  predicted  efficiency.  This  result  was  due  primarily  to  the  stringent 
alignment  tolerance  imposed  by  the  sensitivity  of  the  coupling  efficiency  to 


transverse  of 'set. 
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